The affective role of touch has opened new perspectives in human-machine interaction. This paper presents an emotion recognition algorithm to investigate the role of tactile stimuli conveyed through a wearable haptic system during affective reading. To this end, a group of 32 healthy volunteers underwent an emotional stimulation by reading affective texts, with and without the concurrent presence of pleasant haptic stimuli. Throughout the experiment, autonomic nervous system dynamics was quantified through heart rate variability (HRV) and electrodermal activity (EDA) analyses. EDA and HRV features were then used as input of a SVM-RFE learning algorithm for an automatic recognition of neutral and arousing texts. The affective recognition of the reading was performed in the presence or absence of the haptic stimulation. Results show that the affective perception induced by the neutral and arousing reading were discriminated with a significantly improved accuracy (+14.5%) when a caress-like haptic stimulus was conveyed to the user.
I. INTRODUCTION
In the frame of affective computing, many studies have been focused on the development of computational tools for the automatic identification of the emotional/mood state [1] . These affective detection systems may employ information from, e.g., speech activity, physiological signals, face expression, and behavioral patterns [1] .
First challenge of affective studies lies in the emotional elicitation phase, because of the complex interactions between cognitive and neurophysiological responses. To this end, emotional images [2] , sounds [3] , movies and video clips [4] , virtual reality settings [5] , as well as affective reading [6] have been employed.
Indeed, a combination of the aforementioned stimuli comprising different elicitation modalities may improve the emotional experience and provide a more ecological scenario. This approach has been proposed to merge emotional musical excerpts and visual stimuli [7] , or to combine affective audio, visual and haptic stimuli [8] . Particularly, the tactile stimulation may effectively enhance the emotional perception of the user [9] . The role of affective touch is due to specific tactile receptors, located in the skin, namely the slow conducting unmyelinated CT fibers [10] , whose activity is strongly connected, at central nervous system level, to the contralateral primary and bilateral secondary somatosensory area, as well as to the contralateral middle and posterior insula cortex [10] , which are brain regions directly involved in the emotion regulation processes. Moreover, previous studies have highlighted that CT-mediated emotional perception is Authors are with the Department of Information Engineering and Research Center "E. Piaggio", Faculty of Engineering, University of Pisa, Via G. Caruso 16 -56122, Pisa, Italy. * Corresponding author email: shadi.ghiasi@centropiaggio.unipi.it correlated with the physical characteristics of tactile stimuli such as velocity, force, contact and material [11] - [13] . In this context, wearable systems for haptic stimulation have been designed for social interaction or assistive technology scenarios [14] , [15] . in Bianchi et al. [16] , we have proved that haptic devices designed to deliver kinaesthetic and/or cutaneous discriminative cues can also convey affective inputs to the brain.
In this study, we aim to investigate the role of affective haptic stimuli in subjects reading affective texts, with the hypothesis that affective touch may enhances the emotional perception. To this aim, haptic stimuli were conveyed through a recently developed wearable device [17] , and a pattern recognition system was employed to automatically discern between neutral and arousing stimuli, in combination or not with haptic stimulation.
With the subjects' self-assessment constituting a groundtruth reference, the emotional state of 32 subjects has been inferred using autonomic nervous system (ANS) signals, whose dynamics is deemed to be an effective emotional marker [18] . More specifically, we have extracted features from heart rate variability (HRV) and the electrodermal activity (EDA) [19] , because of their efficacy highlighted in recent emotion recognition studies involving affective haptic stimulation [12] , [20] . Methodological details, as well as Results and Conclusion follow below.
II. MATERIALS AND METHODS

A. Subjects Recruitment, Experimental protocol and Acquisition set-up
Thirty-two undergraduates students (16 females) from the University of Pisa participated to this study giving their written informed consent. The study was approved by Ethical Committe of the University of Pisa. The subjects were asked to read aloud two types of texts. The texts were chosen with the aim of eliciting the reader with two different levels of arousal (intensity of perception) and valence (pleasantness/unpleasantness) according to the definition of the Circumplex model of affect (CMA) [21] .
Four texts were employed: two with high arousal, negative valence contents while the other two neutral. We asked the subjects to rank each text in terms of arousal and valence using the standard Self-Assessment Manikin (SAM) [22] to ensure the elicitation was powerful to induce physiological responses.
During the affective text elicitation, the subjects might have been exposed to haptic elicitation through a wearable haptic device conveying a caress-like stimuli (see more Fig. 1 . The CUFF device on the arm of a subject. The inside of the belt was covered in silk details in the next section). The timeline of the experiment included four sessions that were performed by subjects randomly. The four sessions were as follows:
• High arousal, negative valence text reading (A).
• Neutral text reading (N). • High arousal, negative valence text reading accompanied by haptic caress (AC). • Neutral text reading accompanied by haptic caress (NC). Each session was preceded by 40s of resting and followed by 1 minute of recovery. The duration of each text was around 2 minutes for each subject. The Biopac system mp35 device was used to record both the ECG and EDA signals.
B. The haptic feedback wearable device
The tactile stimulation was conveyed through a wearable haptic CUFF (clenching upper-limb force feedback wearable device), which is able to transfer both the normal and tangential force cues [17] . The physical characteristics are the weight of 230g with overall dimensions 12.4 × 7.0 × 5.8 cm (see Figure 1 ). The device is equipped with two motors independently controlled that are able to stretch a layer of fabric. More detailed information can be found in [17] . The fabric strip can be made of different material and, in this experiment, we used silk [23] to induce a positive valence of the tactile elicitation. Moreover, in previous studies, it has been proven that the emotional perception of tactile stimulus changes according to contact force and velocity [12] , [16] . Specifically, a velocity of 3 cm/s and a force as low as 2N convey pleasant and relaxation perception to the subject. Accordingly, the CUFF was set and controlled to convey these values.
C. Statistical analysis of the SAM scores
To test the different perception of arousal and valence elicited by the experimental sessions, we performed a statistical analysis of the scores given by subjects using the SAM test. The valence values were ranged between -2 (most unpleasant) to 2 (most pleasant) and arousal between 1 (lowest arousal) to 5 (highest arousal). Specifically, we statistically compared the scores corresponding to the N and A sessions and those corresponding to the NC and AC sessions. The p-values were obtained by applying the Wilcoxon non-parametric tests for paired data, with null hypothesis of equal medians between samples. Maximum amplitude of tonic activity D. Autonomic nervous system quantification ECG and EDA were processed to quantify the autonomic nervous system activity.
The heart rate variability (HRV) time series was extracted from the ECG signal by detecting the R peaks through the well known Pan-Tompkins algorithm [24] . Conventional features in the time, frequency and nonlinear domains were extracted from the HRV signal using the Kubious software. Table I shows the description of the extracted features.
EDA measures the variation in the skin conductance (SC) induced by the sudomotor nerve activity (SMNA), which modulates the sweat section of the eccrine glands. Therefore, it is considered an ideal way to monitor the activity of sympathetic nervous system [25] . The EDA signal is composed of two main components, namely the tonic and phasic signals, that differ in time scale and relationship with the triggering stimuli. The tonic signal is the slow-varying component that represents the overall psycho-physiological state of a subject. The phasic component represents the rapid variations in the EDA signal that are directly evoked by an external stimulus [26] . Phasic and tonic rely on different neural mechanisms and, consequently, both convey relevant and non-redundant information about the ANS activity.
In this study, we applied a decomposition algorithm called cvxEDA [27] , whereby we can decompose the EDA signal into the tonic and phasic components. Whereupon, the phasic and tonic activities were quantified by extracting a set of features as described in Table I .
E. Classification algorithm
We considered two recognition tasks, i.e., we classified the neutral and arousing texts in the absence (N vs A) or presence (NC vs AC) of the simultaneous haptic stimulation conveyed by the CUFF. The classification was done by implementing the nonlinear Support Vector Machine (SVM) integrated with a wrapper feature selection method, i.e., the recursive feature elimination (RFE) as proposed in [28] . This SVM-RFE algorithm has been proven to be a reliable classification and feature selection method also in case of a dataset of highly correlated features. To validate the classification procedure and estimate the recognition accuracy, we used the Leave-One-Subject-Out (LOSO) cross-validation. Assuming as input to the classifier data from N subjects, at each iteration of the LOSO the model is trained on N-1 subject samples and tested on the excluded one. The whole procedure is repeated N times and the feature ranking and classification accuracy is achieved by computing the median ranking over all folds.
III. EXPERIMENTAL RESULTS
In this section, we present results of the statistical analysis performed on SAM scores, as well as the performances achieved by the two recognition systems, i.e., N vs A and NC vs AC.
Statistics on self-assessed scores along the arousal and valence dimensions demonstrates that the A and AC texts were significantly more arousing and unpleasant than the N and NC texts, respectively (Table II) .
TABLE II SAM MEDIAN ± MEDIAN ABSOLUTE DEVIATION (MAD) SCORES AND
STATISTICS RESULTS FOR THE A VS N AND AC VS NC COMPARISONS
Concerning the classification analyses, the maximum accuracies achieved by the SVM-RFE learning algorithm in discriminating N vs A and NC vs AC are reported in terms of confusion matrices in Table III and IV. While the proposed recognition system was not able to satisfactorily distinguish between N and A sessions (accuracy of 54.84%), the recognition accuracy achieved considering the data gathered during a haptic elicitation (NC vs AC) significantly improved up to 69.35%. Figures 2 and 3 show the accuracy trend at each iteration of the RFE procedure for both recognition tasks. The maximum accuracies were achieved considering only the first two (N vs A) or three (NC vs AC) features. Both feature rankings are listed in Table V . It is worthwhile noting that the two rankings and consequently the subsets of features achieving the maximum accuracy were different.
IV. CONCLUSION AND DISCUSSION
In this study, we investigated the role of affective haptic stimulation on emotional reading. Thirty-two subjects were asked to read texts having different emotional value, i.e., neutral texts vs high-arousal negative texts. This has been confirmed by the statistical analyses performed on the subjects' self-assessment scores. The experimental task was repeated twice, where one repetition included also the affective haptic stimulation. We characterized ANS dynamics through features derived from EDA and HRV series. Particularly, several features were extracted to build two datasets comprising a combination of HRV and EDA features in the presence or absence of the haptic stimulation, respectively. Aiming to obtain powerful processing of the EDA signal, we applied the recently proposed cvxEDA model to decompose the observed SC signal into its tonic and phasic components.
Classification results demonstrate that the SVM-RFE was not able to satisfactory distinguish between the neutral and arousing session (54.84%), whereas its performance significantly improved in the presence of the haptic elicitation, i.e., NC vs AC (69.35%).
The poor accuracy in the N vs A classification is not surprising. In fact, it is known that recognizing emotional states during speaking activity through only monitoring the ANS signals is a challenging task due to the confounding interaction of the speech itself in ANS dynamics [25] , [29] . In addition, the reading-out-loud introduces a stressful effect that can not be underestimated. Our results also highlight a significant increase in recognition accuracy of emotional stimuli (+14.5%) when a haptic device is used. At a speculation level, the presence of a positive haptic stimulus might induce a relaxation effect [12] , which leads to a stronger affective perception and, consequently, to an easier discrimination despite the speech activity. Selected feature-set leading to higher accuracy in the NC vs AC recognition comprised three features only, which are related to both sympathetic and parasympathetic activities, as well as their interaction. Moreover, the small number of features (i.e., dimensions) is a further indicator of robustness and generalization ability of the devised classification algorithm.
Although preliminary, the outcomes of this study corroborate the widely-recognized affective role of touch, suggesting a new haptic-based stimulation paradigm to enhance users' emotional experience. To this aim, the combination with other sensory modalities (e.g. acoustic, olfactory) will be also considered and investigated in the future. These results open fascinating perspectives in the field of advanced human-machine interaction and human-human communication through wearables. In literature there are several examples of mechatronic systems that deliver haptic stimuli to elicit emotional responses in users. Other studies will also aim at performing a detailed analysis of the texts (linguistic structure and sentiment analysis) to explore possible correlations between linguistic and ANS features, aiming at improving the emotional recognition accuracy. Finally, we will extend the research to patients with pathological and mental disorders to investigate whether the haptic stimuli can enrich emotion recognition also in this population.
